A slab model of the magnetotail lobes is studied, and the trapping and excitation of fast magnetoacoustic modes is considered. The tail lobe is taken to be uniform with the magnetic-field stretching parallel to the flow in the magnetosheath. The modes are assumed to be trapped between free magnetopause boundaries. The ideal magnetohydrodynamic ͑MHD͒ equations are used to study the effects of linear perturbations to this equilibrium state. It is found that the plasma parameters in this region mean that fast magnetoacoustic waves are unlikely to be Kelvin-Helmholtz ͑KH͒ unstable for realistic flow speeds, and in fact these modes are likely to be leaky, losing energy across the magnetopause boundary. However, the decay rates of modes propagating both with and against the magnetosheath flow are found to be small for reasonable plasma parameters and this boundary may be reasonably assumed to be reflecting for the purposes of wave guide theory. Slow modes are found to have very small growth rates and since in the magnetotail lobes the plasma beta is very low, they are not expected to be important.
I. INTRODUCTION
In this paper we examine the trapping and driving of modes in the magnetotail by the shear flow in the magnetosheath. In the magnetotail the magnetic-field lines are stretched out parallel to the flow in the magnetosheath ͑see Fig. 1͒ . The fact that the magnetosphere has a long tail has been known since the proposal of the open magnetosphere model by Dungey ͑1961͒. 1 Dungey ͑1965͒ 2 calculated the length of the magnetotail using the fact that reconnected field lines are connected to the Earth via the polar caps. Knowing the electric and magnetic-field strengths at the caps, the speed at which a field line would move across the cap was calculated and thus the time taken for a field line to convect from the reconnection point at the nose of the magnetosphere to the point at which the lines reconnect in the tail could be calculated. Multiplying this time by the solar wind speed, Dungey obtained a value of about 1000 R E for the length of the magnetotail. Magnetometer data show observations of oscillations with frequencies of the order of millihertz and lower ͓Herron ͑1967͒ 3 ͔ and eigenfrequencies of the right order have been found by McClay and Radoski ͑1967͒ 4 using a cylindrical magnetotail ͑the ''theta'' model͒. The magnetic field in the theta model was taken to be uniform in the top and bottom of the wave guide, but with a reversal of direction across the middle. Models including the plasma sheet were also developed ͓Siscoe ͑1969͒; 5 McKenzie ͑1970b͒ 6 ͔. More recently work has included the behavior of waves in the high-density plasma/current sheet at the center of the magnetotail ͓e.g., Seboldt ͑1990͒; 7 Liu et al. ͑1995͒ 8 ͔. It has been shown that waves may be trapped in the low Alfvén speed region at the center of a current sheet ͓Edwin et al. ͑1986͒; 9 Smith et al. ͑1997͒
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͔. Pu and Kivelson ͑1983͒
11 modeled the surface waves at the magnetopause for a magnetotail like geometry. They considered an infinite uniform region on either side of the magnetopause with both the magnetic fields in the magnetosphere and magnetosheath being parallel to the flow in the magnetosheath. They showed that the flow speed at the onset of the instability of the fast surface mode varies little with the angle of propagation and was close to the onset of the instability for an incompressible plasma. Elphinstone et al. ͑1995͒ 12 observed fast waves traveling towards the Earth using the IMP 8 satellite. These modes were linked with a source 30 R E down tail and indicated that the magnetotail could act like a wave guide for these modes. Allan and Wright ͑1998͒ 13 showed that the nonuniform nature of the magnetic field allows these fast wave guide modes to couple to Alfvén waves in the outer tail which will travel earthward faster than the fast modes that are confined to the middle of the tail.
In this paper we study the nature of the magnetospheric boundary in the tail, and thus examine the ability of the magnetotail to trap and excite modes between the northern and southern magnetopauses for a slab model of the magnetotail. Our calculation is best thought of as an extension of the models which have a single magnetopause separating two semi-infinite media ͓e.g., McKenzie ͑1970a͒; 14 Pu and Kivelson ͑1983͒ 11 ͔. Our calculation includes a finite size magnetotail wave guide, in contrast to the semi-infinite tail lobe of these studies. We are primarily concerned with the effect of a finite width tail, and so take a uniform tail in this preliminary investigation, rather than including a realistic plasma sheet, lobe and mantle structure. We are able to consider both symmetric or antisymmetric modes, and in this paper focus upon those with a node of normal plasma displacement at the tail center as these should be relevant to studying sub-storm-related phenomena. It was shown that the trapping and excitation of modes in the magnetospheric flanks is determined by the local properties of the plasmas ͔ which is true in this case also, and so we model our tail as effectively and extended lobe.
The structure of this paper is as follows: In Sec. II we set up our model, the results for slow modes are summarized in Sec. III, and the results for fast modes are presented in Sec. IV. Finally, in Sec. V we summarize our results and discuss the consequences for the magnetotail.
II. MODEL AND EQUATIONS
We consider a straight bounded model of the magnetotail lobe with a free boundary connecting it to the magnetosheath so that energy from the magnetosheath flow may pass into the magnetotail and drive unstable modes, while leaky modes may lose energy from the tail into the magnetosheath. The magnetotail is taken to have a uniform straight equilibrium magnetic-field B in the y direction, and a nonzero plasma pressure, P 1 , and density o1 ͑see Fig. 2͒ . The model magnetosheath has no equilibrium magnetic field, a finite plasma pressure, P 2 , and density, o2 and is taken to be flowing in the y direction with a uniform speed, v o . Throughout this paper we will use quantities normalized to the equilibrium density and sound speed, c s2 in the magnetosheath and the depth of the tail lobe, d. Plasma pressure is normalized by the quantity ⌫ P 2 , magnetic fields by When the modes are unstable ( i 0) the modes cannot be classified so neatly into body and surface modes. Indeed, in both the magnetotail and the magnetosheath, an unstable mode will have an oscillatory character with a growth or decay envelope. We will then be able to classify modes only by their dominant spatial behavior in the magnetotail.
We have assumed the normal plasma displacement is antisymmetric about xϭ0 and the boundary conditions at the magnetopause are the total pressure and displacement in the x direction are continuous. In the magnetosheath we use the condition that the x component of the group velocity in the magnetosheath plasma rest frame must be directed away from the magnetopause ͑it must be positive͒ which gives the condition that Re͑Ј͒Re͑m 2 ͒ϩIm͑ Ј͒Im͑m 2 ͒Ͼ0, ͑8͒
and when the modes are stable, we require the modes to decay into the magnetosheath so that
Although the group velocity of the waves is a well-defined and meaningful quantity for real Ј and m 2 , when these quantities are complex it is not so obvious that the above boundary conditions are appropriate. We can convince ourselves of their correctness by other considerations. For example, in the magnetosheath rest frame, we could require that the time-averaged energy flux of the wave be directed away from the magnetopause. Alternatively, we could consider an initial-value problem formulation in terms of a Fourier-Laplace integral. If the perturbation is to vanish at infinity then roots on the ''physical'' Riemann sheet ͓i. We may further classify these modes as either fast ͑having r /kϾc slow ͒ or slow ͑having r /kϽc slow ͒. Figure 3 shows the regions of v ph Ϫ␣ space for which stable modes may exist as the region with negatively sloped shading, and the regions for which we would expect stable modes to be oscillatory in the magnetosphere ͑we expect to find body modes͒ as regions with positively sloped shading.
The unshaded regions are those where we would expect to find modes that are evanescent in the magnetosphere ͑surface modes͒ if the modes were stable. The overlap of the shaded regions indicates the regions of parameter space in which we would expect to see stable body modes and the overlap between the region where stable modes may exist and the unshaded regions show where we would expect to find stable surface modes. In this figure we have taken ␤ϭ0.5, ⑀ ϭ 1 / 2 ϭ0.192 and v o ϭ4.
Measurements of magnetopause crossings in the tail show that the density ratio between the magnetosphere and magnetosheath can lie anywhere within the range 0.01Ͻ⑀ Ͻ0.2. We have chosen a value close to the upper end of this range as this allows us to see unstable modes for lower flow speeds. Figure 4 shows the dependence of the characteristic wave speeds in the magnetosphere on the density ratio ⑀. We can see that, when the density range is lowest, the fast, slow and tube speeds become much larger than the sound speed in the magnetosheath and since the onset of instability for the fast body modes ͑for example͒ requires that 
we can see that we would require very large values of the sonic Mach number, v o in the magnetosheath in order for the modes to become unstable. Indeed, for the trapping of fast body modes we require
which would still be very high.
III. SLOW MODES
The slow modes are unlikely to be important in the magnetotail since the plasma beta in the tail lobes tends to be very low ͓typically of the order of 10 Ϫ4 , Saunders ͑1991͒
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͔ and so these modes will have very low growth rates. However, we have taken the plasma beta to be of the order of a half throughout this paper in order to properly understand the modes in the magnetotail. The behavior of both the slow body and surface modes is very similar to that in the flank case ͓Mills et al. ͑1999͒
15 ͔ and so we merely summarize the main properties here.
The slow body modes have phase speeds in the range
whether they are stable, leaky, or unstable. These modes become unstable when the phase speed crosses the lower cutoff ͓v ph ϭv o cos(␣)Ϫc s2 ͔ and the growth rates are small and bounded for all values of k and v o . The slow surface modes are stable when there is no flow speed and there is a stable mode propagating in the same direction as the flow and one propagating in the opposite direction. As the flow speed the flow speed increases, the phase speed of the modes increases, and these modes coalesce to form one unstable slow surface mode ͑there is only one since the outgoing boundary condition precludes the other complex solution to the dispersion relation͒. The phase speed of this unstable mode increases through the range where slow body modes exist ͓Eq. ͑13͔͒. When the phase speed is above the fast speed, the mode restabilizes and splits into two stable fast surface modes. Using the definition of the wave energy that
where D is the dispersion relation and is defined such that E is positive for any mode when there is no flow in the magnetosheath ͓see Cairns ͑1979͒; 19 Mills et al. ͑1999͒
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͔, we find that one of these fast surface modes has negative energy and one has positive energy. The positive energy mode has a lower phase speed, and as the flow speed continues to increase, the phase speed tends to the slow speed, c slow , and the mode becomes unstable having a small bounded growth rate. The upper, negative energy mode, goes on to coalesce with the positive energy fast surface mode and becomes unstable. This behavior is shown in Fig. 5 .
The growth rate of the unstable slow surface mode is unbounded in k, however, when ␤ is small, this mode will be unstable only for a very small range of very low v 0 ͑it is unstable for c T ϩc s2 Շv o Շc slow ϩc s2 ͒ and is unlikely to be relevant to the magnetotail.
IV. FAST MODES
A. ␣Å0
First we investigate the properties of the fast surface and body modes when ␣ 0. Figure 6 shows to increase, having first an unbounded growth rate ͑v o ϭ3.25-dot-dashed line͒ and then a bounded one ͑v o ϭ6, 10, triple dot-dashed line and long dashed line, respectively͒. When the growth rate becomes bounded, we find that the phase speed tends to c f as k→ϱ. We have also shown the curve for the stable fundamental fast body mode when v o ϭ2. Note that this mode and the stable fast surface mode may coexist for the same phase speed. Figure 7 shows the evolution of the fast surface modes with v o for various values of the tangential wave number k. The phase speed is almost independent of k for all values of v o , however, when the mode is first unstable, the growth rate scales linearly with k ͑so that the growth rate is unbounded͒, and is then discontinuous at the point at which it becomes bounded in k in Fig. 6 , i.e., when v o Ϸ3.75. Now we investigate the onset of instability of these modes for different values of ␣. Figure 8 is a contour plot of the growth rate of the fast surface mode against v o and ␣ for kϭ10. We can see that, unlike the flank case, the flow speed at the onset of instability varies very little with angle. In fact, the onset of instability occurs when v o is close to the Alfvén speed, a result which is in good agreement with Sen ͑1964͒ 20 and Ruderman and Wright ͑1998͒. 21 The contour plot also shows that the maximum in growth rate for any flow speed occurs when ␣Ϸ/4. Walker ͑1981͒
Fast surface modes
22 showed that the maximum growth rate of modes propagating in a system where the field and flow are at an arbitrary angle to one another occurs when the propagation of the modes is close to perpendicular to the direction of the magnetic field-therefore, minimizing the stabilizing effect of magnetic tension. Here, there is no component of the flow perpendicular to the magnetic field and the modes are stable there. Thus the maximum in the growth rate here will occur at an intermediate angle at which the destabilizing effect of the flow dominates over the stabilizing effects of magnetic tension.
Fast body modes
In Fig. 9 we show the dispersion diagrams of the fast body modes when they are stable. We have taken ␣ϭ/6 and v o ϭ3 so that
is satisfied. In Fig. 9͑a͒ we can see that the phase speed of each mode decreases and tends towards c f as k→ϱ. In Fig.  9͑b͒ we have plotted the x component of the magnetospheric wave numbers, m 1 , for each mode. When the phase speed of a mode is v o cos ␣ϩc s2 the real part of m 1 is an integer multiple of . This can be seen from the governing equation for stable body modes ͓Eq. ͑7͔͒. At this value of the phase speed, the right hand side of Eq. ͑7͒ disappears, so that
thus, m 1 must be a whole multiple of . As k increases the phase speed decreases and m 1 increases reaching m 1 ϭ(2n ϩ1)/2 when v ph ϭv o cos ␣ ͓shown by a dotted line in Fig.  9͑a͔͒ , at which point m 1 has a maximum and then decreases slightly before increasing and tending back towards m 1 ϭ(2nϩ1)/2 as v ph →c f and k→ϱ. This maximum may be explained by noting that, in the dispersion relation for stable body modes ͓Eq. ͑7͔͒,
so that tan(m 1 )→ϱ as the phase speed approaches v o cos ␣ from both above and below. Therefore, the value of the tan term increases to infinity as the phase speed decreases towards v o cos ␣, and then decreases again ͑remaining posi- tive͒ as the phase speed continues to decrease. Thus m 1 increases to m 1 ϭ(2nϩ1)/2 and then decreases as the phase speed continues to decrease. Figure 10 shows the phase speed and growth rate of the first two harmonics when v o ϭ5 and ␣ϭ/6 ͑so that v o cos ␣Ͼc f ϩc s2 ͒ in which case the modes are unstable. As for the flank case studied by Mills et al. ͑1999͒ 15 we find that there are two stable fast body modes for each harmonic, a positive and a negative energy wave and that the onset of the instability occurs when these two modes coalesce. The diamonds in Fig. 10͑a͒ shows the point where the coalescence of the modes is predicted to occur by the method detailed in Mills et al. ͑1999͒ . 15 This is done by finding double roots of the dispersion relation ͑roots such that the dispersion relation is satisfied and the derivative of the dispersion relation with respect to the phase speed, v ph , is also zero͒. The growth rates of these modes once they are unstable are bounded in this case. However, as with the flanks case there will always be one fast mode which has unbounded growth rate and has a dominantly surface mode character.
B. ␣Ä0
We now consider the dispersion of the fast surface and body modes when the propagation of the modes is parallel to both the magnetospheric magnetic field and the flow in the magnetosheath. Figure 11 shows the dispersion of the fast modes when v o ϭ2.5 and ␣ϭ0, i.e., v o cos ␣Ϫc s2 Ͻc f Ͻv o cos ␣ϩc s2 , ͑18͒
and we would expect the fast body modes to be stable for all k. The second, third, and fourth body mode harmonics are indeed stable for all k and have v ph →c f as k→ϱ. However, the phase speed of the fundamental body mode decreases through c f ͑the mode remains stable through this transition͒ and coalesces with the fast surface mode, becoming unstable. This fast surface mode is the one with negative energy formed when the slow surface mode restabilizes. This behavior is totally different to that found for these modes when ␣ 0 ͑shown in Fig. 9͒ . Once the two modes have coalesced, the growth rate is unbounded as k increases, but the phase speed remains constant below the fast speed. The point where the two modes coalesce may be predicted using the same method as that for the case when ␣ 0. Figure 12 shows the real ͑solid lines͒ and imaginary ͑dot-dashed lines͒ parts of the x component of the wave number in the magnetosphere for the modes shown in Fig.  11 . The dashed lines indicate integer multiples of /2. For the higher harmonics, the wave number is n when the phase speed is v o ϩc s2 . As k increases, the phase speed decreases and m 1 increases reaching a maximum when v ph ϭv o . At this point, the right-hand side of Eq. ͑7͒ becomes infinitely large so that m 1 ϭ(2nϪ1)/2. Then, increasing k further, the phase speed continues to decrease approaching c f . Now the wave numbers tend back towards m 1 ϭn. Again, this is different to the ␣ 0 case where m 1 →(2n Ϫ1)/2 for large k. The reasons for these discrepancies in behavior will be explained in Sec. IV C. The following properties of m 1 can be seen from Eq. ͑7͒: The wave number of the fundamental mode is zero when kϭ0 and r /k is finite. It then increases as k increases reaching a maximum when v ph ϭv o and m 1 ϭ/2. As the phase speed of the mode decreases through c f , the numerator of Eq. ͑3͒ vanishes and the real part of the wave number decreases to zero. The imaginary part of the wave number becomes nonzero when v ph Ͻc f , i.e., the mode becomes a fast surface mode. As k increases further the positive and negative energy fast surface modes coalesce and become unstable, and at this point the wave number becomes complex.
In Fig. 13 we see the variation of the behavior of this fast mode with v o for various values of k. For all values of k the mode is a leaky fast surface mode for low v o , and becomes a stable fast surface mode when v o ϭc slow Ϫc s2 ͑which is the first speed at which m 2 may be purely imaginary for phase speeds for which the mode is a fast surface mode͒. The phase speed of the mode then increases as v 0 increases and crosses the line v ph ϭc f . At this point the mode becomes a stable fundamental body mode ͓which has m 1 purely real, see Eq. ͑3͔͒. The phase speed increases to a maximum, with the maxima occurring at larger values of v ph for smaller values of k ͑since the phase speed of a fast body mode decreases as k increases͒ and then decreases to the point at which the instability begins. For kϭ10 ͑solid line͒ and kϭ7.5 ͑dashed line͒ the onset of instability occurs when the phase speed is below the fast speed. Therefore, for these values of k, the mode becomes a stable fast surface mode again just before the onset of the instability. For lower values of k, the onset of instability occurs for phase speeds above the fast speed, so that the mode remains a stable fast body mode up to the point at which the instability begins. This mode is the upper ͑coalescing͒ mode shown in Fig. 11͑a͒ the lower mode comes from the restabilization of the unstable slow surface mode into a fast surface mode as discussed in Sec. III and is a negative energy wave. The transition of the fast surface mode into a fast body mode occurs for lower flow speeds as k decreases, and as k→0, the point of transition occurs when
It is interesting to note that in this case, the positive energy fast surface mode and the fundamental fast body mode cannot coexist. Indeed, for any flow speed and given k, only one of these modes may exist and in analysing the change in these modes with a change in flow speed, we find that the phase speed of the mode may cross the line v ph ϭc f continuously as m 1 vanishes. Roberts ͑1981͒ 23 studied the dispersion of field aligned modes in a slab model without flow and found only either fast body modes or fast surface modes for any set of parameters ͑see Fig. 1 of that paper͒. When ␣ 0 the stable fast surface mode and fundamental body mode may both exist for some values of v o . The reasons for this discrepancy are explained in Sec. IV C. Figure 14 shows the phase speed ͑solid lines͒ and growth rate ͑dot-dashed lines͒ of this mode as functions of k for various values of v o . In Fig. 14͑a͒ we have taken v o ϭ2 and here the mode is a stable fast body mode for all k, with v ph →c f ϩ as k→ϱ. The slow surface mode has not restabilized to become a fast surface mode yet for this flow speed and so this mode is not plotted here. In Fig. 14͑b͒ we have increased the flow speed to v o ϭ2.5 ͑which is the case shown in Fig. 11͒ we see that the upper mode is a fast body mode for small k, becoming a fast surface mode just before becoming unstable as k increases. The lower mode in this figure is the negative energy fast surface mode. When v 0 ϭ3 ͓in Fig. 14͑c͔͒ , the negative energy mode has phase speed just below the fast speed when k→0 so that it is a fast surface mode here. As k increases, the mode becomes a fast body mode, coalescing with the upper mode to become unstable. When v o ϭ2.5, the mode is dominantly a surface mode as k→ϱ, however, when v o ϭ3, the real part of m 1 grows faster than the imaginary part. Finally, in Fig. 14͑d͒ , the flow speed is increased to v o ϭ4, and the modes are both fast body modes for small k. For large k, the growth rate is bounded.
Finally, we look at the behavior of a fast body mode with negative phase speed ͑corresponding to a mode propagating earthwards in the magnetotail͒. Figure 15 shows the phase speed and growth rate of the second harmonic fast body mode as functions of the flow speed in the magnetosheath. Modes with negative phase speed are stable when the phase speed satisfies the same inequalities as for positive phase speed ͓Eq. ͑10͔͒. In this case we find the mode is unstable for large negative flow speeds, becomes stable while the flow speed is still negative, and as the flow speed increases, the mode becomes leaky. This is different to the modes with positive phase speed which are leaky for low ͑or negative flow speeds͒ and unstable for high flow speeds. Thus we would expect modes propagating towards the earth in the magnetotail to be leaky. However, we find that the decay rate, i , approaches zero as the flow speed increases, so that the modes will not loose energy very quickly as they propagate towards the earth if v o is sufficiently large.
C. Explaining the difference between ␣Å0 and ␣Ä0
The dispersion relation for stable fast body modes is
while that for stable fast surface modes is
where m 1 is the wave number in the x direction in the magnetosphere and n 1 ϭim 1 . Examining this equation we find different behaviors in the two cases ͑i͒ ␣ 0, and ͑ii͒ ␣ϭ0.
Taking the first case and letting v ph →c f on the right-hand side of Eqs. ͑20͒ and ͑21͒ we find that ͉tan͑m 1 ͉͒→ϱ and ͉tanh͑n 1 ͉͒→ϱ, ͑22͒
respectively. Therefore, when v ph →c f ϩ ͑body modes͒
However, when v ph →c f Ϫ ͑surface modes͒ there are no real values of n 1 which satisfy the equation, and thus there may be no stable surface modes with phase speeds close to c f .
Conversely, when ␣ϭ0, c f ϭv a1 and the dispersion relation for stable body modes reduces to tan͑m 1 and when v ph →c f Ϫ , tanh(n 1 )→0 and, therefore,
In other words, both stable body and surface modes may have phase speeds close to the fast speed in this case. This explains how, in this case, the character of the fast modes may change smoothly between having an oscillatory and an evanescent character in the magnetosphere. We can see this transition in Fig. 11͑a͒ when the phase speed of the fundamental fast cavity mode decreases to below c f while the mode is still stable ͑therefore, changing from a body to a surface mode͒. In Fig. 14͑c͒ we see the phase speed of the fast surface mode increasing through c f , so in this case the mode changes from a fast surface mode to a fast body mode.
V. DISCUSSIONS AND CONCLUSIONS
We have investigated the trapping and excitation of fast modes in the magnetotail. We have found that the speed at which fast surface modes first become unstable varies little with the direction in which the modes are propagating. This is in agreement with the results found by Pu and Kivelson ͑1983͒.
11 However, we did not find the upper cutoff speed reported by Pu and Kivelson. 11 This is because the bounded magnetotail does not allow the energy released by the instability to be carried away from the boundary to infinity. For our equilibrium the maximum growth rate of these modes is found to occur at an angle of about /4. This is due to the stabilizing force of the magnetic tension and the destabilizing effect of the flow varying with angle. Walker ͑1981͒ 22 found that the most unstable modes propagate at angles close to perpendicular to the magnetic field. In our model, the flow has no component perpendicular to the magnetic field, so the maximum growth rate will occur at some intermediate position.
Fast body modes may first become unstable when v o cos ␣ϭc f ϩc s2 , so that modes propagating parallel to the flow and magnetic field will become unstable first. We found that the behavior of both the fast surface mode and the fast body mode is different for modes propagating parallel to the magnetic field than for those propagating perpendicular to it. Only one of the stable fundamental fast body mode and the stable fast surface mode ͑having positive energy͒ may exist for any given flow speed when ␣ϭ0, and the phase speeds of these modes may change continuously across v ph ϭc f . When ␣ 0, these modes are separate and the phase speed of the fast surface mode may not approach the fast speed.
We take the width of the magnetotail to be 25 R E and the sound speed in the magnetosheath as 100 km/s. Although we have used a density ratio of 0.192 in our calculations, this was merely for convenience so we could calculate the qualitative behavior of the modes without needing to have overly high flow speeds. A more realistic value of the density ratio would be 0.02, corresponding to an Alfvén speed of about 700 km/s. With typical magnetosheath flow speeds of 500 km/s, and the onset of instability for the fast surface modes being close to the Alfvén speed, we can see that the fast magnetopause surface mode is unlikely to be KH unstable in this region. Ruderman and Wright ͑1998͒ 21 discussed this behavior and showed that below the critical speed for the KH instability ͑KHI͒, negative energy surface waves may propagate on the magnetopause. These may drive Alfvén resonances within the magnetotail and when this occurs the surface mode becomes unstable and both the surface mode and the resonance grow. Therefore, any unstable modes observed on the magnetopause are likely to be caused by this resonant interaction between negative energy waves and Alfvén waves rather than directly by the KHI.
Fast body modes propagating away from the Earth may become unstable when v o Ͼc f ϩc s2 , corresponding to a speed of 800 km/s, and they are trapped when c f Ϫc s2 Ͻv o Ͻc f ϩc s2 , corresponding to a speed of 600-800 km/s in dimensional units. Thus, these modes will become trapped only at times of high solar wind flow.
We have also found negative energy waves, although we do not drive any Alfvén resonances as our magnetotail is taken to be uniform and the velocity shear is a vortex sheet. We have shown that these unstable modes correspond to modes which propagate in a positive direction in the rest frame of the magnetosheath, but in a negative direction in the magnetospheric rest frame. The onset of instability occurs at the coalescence of positive and negative energy waves.
Observations of oscillations in the magnetotail show that fast modes may be excited down tail and propagate earthward ͓Elphinstone et al. ͑1995͒
12
͔. Models of this have tended to treat the magnetopause as a perfectly reflecting boundary trapping these modes within the magnetotail ͓e.g., Allan and Wright ͑1998͒; 13 Wright ͑1994͒
24
͔. An important consequence of our model is that we may better understand the nature of the interaction of these modes with the magnetopause. We have shown that modes propagating towards the Earth in the magnetotail ͑i.e., those modes which have negative phase speeds͒ are leaky for positive flow speeds. In fact, the modes are leaky for any flow speed that satisfies v o Ͼc s2 Ϫc f , or in dimensional units v o ϾϪ600 km/s, so they will certainly be leaky for any realistic flow speed. However, the growth rate ͑or in this case, the decay rate͒ of each mode becomes very small as the flow speed increases. Therefore, we expect the modes to be essentially stable and for the majority of the wave energy to be reflected from the magnetopause. We conclude, therefore, that the assumption of a reflecting magnetopause in the wave guide models is a reasonable approximation.
The dimensional frequency of the fast wave guide modes in our model is about 4 mHz which is of the same order of magnitude as those observed ͓e.g., by Herron ͑1967͒ 
͔.
Overall we have found that the magnetotail will be stable to the Kelvin-Helmholtz instability for most values of the flow speed in the magnetosheath. However, both earthward and tailward propagating fast body modes will be leaky with small decay rates, and will lose only a small amount of energy as they reflect from the magnetopause, so that treating the magnetosphere in this region as a perfect reflector is a reasonable approximation and waveguide models should be successful in predicting the behavior of these modes.
If surface or waveguide modes are observed to be unstable in the magnetotail, this could point to the occurance of a resonant instability ͓Ruderman and Wright ͑1998͔͒ operating, and is an important calculation for future research.
